Target-directed dynamic combinatorial chemistry (tdDCC) is a powerful method to screen ligands for pharmacologically relevant targets. Generating a dynamic library from reversibly reacting building blocks in the presence of a target protein leads to the amplification of the most potent library constituents. In previous studies on tdDCC, these compounds were identified in a qualitative "hit/no-hit"-manner. However, the precise relationship between the degree of amplification and the affinity of the library constituent has not yet been evaluated. To study the amplification-affinity relationship, we compared tdDCC experiments, employing reversible acylhydrazone formation and the bacterial adhesin FimH as a target, with affinities of the library constituents as determined by surface plasmon resonance.
Introduction
Dynamic combinatorial chemistry (DCC) describes the generation of dynamic compound libraries from reversibly reacting building blocks. These libraries, which are under thermodynamic control, remain adaptive by continuous interconversion of building blocks and products. Therefore, addition of a protein target alters their equilibrium composition by binding, thereby stabilizing, and ultimately amplifying specific library constituents. Target-directed DCC (tdDCC) exhibits a self-screening ability, leading to the amplification of those members of the library with the highest affinity for the protein target, as depicted for an acylhydrazone library in Figure 1 . This makes tdDCC a valuable tool for drug discovery. [1] [2] [3] [4] [5] [6] Figure 1. Schematic illustration of tdDCC. Reversibly reacting hydrazide and aldehyde building blocks generate a dynamic acylhydrazone library, which, when challenged with the target FimH, responds with a shift in its equilibrium composition including amplification of selected high-affinity ligands.
Whereas earlier reports focused on small libraries in a qualitative "hit/no-hit"-manner, [3] [4] [5] [6] a more precise affinity ranking is required to increase the value of tdDCC. So far, the relationship between the extent of amplification and affinity was addressed in detail only by Nasr et al. 7 Furthermore, it has been noted that if several library constituents exhibit high affinity, the identification of the best binders might be difficult. 8 Finally, theoretical considerations regarding the relationship between host-ligand interactions and extent of amplification have been reported. 9 In this communication, we have examined in greater detail the relationship between the amplification of library members in tdDCC experiments and their dissociation constants (KD). As target protein we selected the bacterial adhesin FimH, located at the distal tip of type 1 pili of uropathogenic E. coli (UPEC) strains, which are the cause of the majority of urinary tract infections (UTI). [10] [11] [12] In the initial step of infection, FimH binds to the highly mannosylated surface protein uroplakin 1a on urothelial host cells, 13 a process which can be prevented with FimH antagonists such as aryl mannosides. [14] [15] [16] [17] [18] [19] [20] We have reported previously that in addition to ligand affinity, also the ratio of scaffold to fragment building blocks, sample preparation, analysis, and method of data processing can be crucial factors in dictating experiment success. 21 Here, we extend the reported protocol for tdDCC using the bacterial adhesin FimH as target protein to a larger scale. When aldehyde scaffold 1 21 reacts reversibly with hydrazide fragments 2a-u ( 3a-u; Scheme 1), the acylhydrazone library 3a-u is obtained. At neutral pH in aqueous media, equilibrium formation is facilitated by aniline as a nucleophilic catalyst. Equilibration was carried out in the absence (blank library) or presence (template library) of biotinylated full-length FimH (FimHFL-B) 23 for three days. 21 The reversibility of the acylhydrazone exchange reaction was then blocked by an adjustment in pH, which effectively locks in the library composition and renders the library suitable for analysis. 24 Prior to UV-HPLC analysis, the protein-ligand complex was captured using commercially available streptavidin agarose, and any unbound ligand removed from the sample (Figure 2A and 2B). The protein-bound ligand was then released by a further increase in pH together with addition of the FimH antagonist n-heptyl α-D-mannopyranoside 25 (4, Figure 2C) . The supernatant was then analyzed with HPLC and the chromatograms of template libraries compared to those of equally treated blank samples.
On account of toxicological and stability concerns over the acylhydrazone moiety, we subsequently explored its potential for bioisosteric replacement. 21 between template and blank libraries. Bars from light to dark grey indicate 6:1, 4:1, and 2:1 concentration ratios of total acylhydrazones to FimHFL-B. Triplicates of all libraries were generated in the presence and absence of 100 µM FimHFL-B. Error bars indicate error propagation of standard deviations of RPAs over three measurements. 21 The most pronounced influence of FimHFL-B on the library composition was observed when core aldehyde 1 was present at 200 µM, resulting in a 2:1 ratio of acylhydrazones to target protein. When the scaffold was employed at higher concentrations (400 µM and 600 µM), changes in composition of the libraries were less pronounced. To evaluate if the normalized changes of RPA correlated with the affinities of the corresponding acylhydrazones, KD values for 3a-u were determined by surface plasmon resonance (SPR) using a previously established procedure. 21 Owing to the structural similarity of the compounds, differences in observed KD values were not drastic (267 nM to 760 nM; Table 1 ). Obviously, this narrow distribution of affinities places highest demands on the applied analytical tools. Results of tdDCC experiments are commonly reported in a "hit/no-hit"-manner. Amplification ("hit") and depletion ("no-hit") were only considered significant when the propagated error did not cross the baseline (Figure 3 ). Otherwise, compound concentrations were regarded as unchanged. Ligands 3d, 3i, 3p and 3q were amplified by the target in each of the three described experimental designs, whereas 3a and 3t were only amplified in the replicates with a 2:1 acylhydrazones to FimHFL-B ratio. The investigation of compounds with a negative normalized change of RPA revealed that signals 3l, 3u, and overlapping 3f and 3g were decreased, in accordance with lower affinities. For acylhydrazones with intermediate affinities, the combined signal of 3m and 3n stayed unchanged with 200 µM and 400 µM, but was slightly increased with 600 µM of core aldehyde 1. Finally, 3j (KD of 462 nM) and 3o (KD of 440 nM) remained unchanged in all libraries. Even though the majority of normalized changes of RPA correlated with the affinity data obtained by SPR, deviations were found for some acylhydrazones: albeit exhibiting rather high affinities of 358 nM and 337 nM, the normalized changes of RPA for 3c and 3r remained unchanged, while 3e with a KD of only 492 nM was amplified. Furthermore, 3b, 3h, and 3s with rather low affinities of 523 nM, 642 nM, and 536 nM, respectively, remained unchanged, whereas 3k with an affinity of 427 nM was decreased. Some of these aberrations could potentially result from the fast binding kinetics (both on-and off-rates) between acylhydrazones and FimHFL-B, as was observed in the SPR experiments (see Supporting Information). Since the kinetic constants could not be uniquely determined in all cases, some of the reported KD values may be erroneous. Apart from the fast binding kinetics 21 which may have impeded the SPR measurements, we currently have no explanation for these outliers. However, it is important to keep in mind that when different techniques for affinity measurements are utilized, deviations resulting from some inherent errors of measurements are often unavoidable.
To assess the quantitative relationship between tdDCC and SPR results, the normalized change of RPA for each acylhydrazone was plotted against its KD value. In the case of overlapping signals in the tdDCC experiment, the KD value used was the average of the two acylhydrazones. Linear regression of the experimental data obtained using a 6:1 substrate ratio showed a moderate Pearson's correlation coefficient (r) of -0.502 ( Figure 4A ). For the 4:1 substrate ratio, the correlation coefficient slightly increased to -0.574 ( Figure  4B ), and for the 2:1 ratio, the highest correlation with an r-value of -0.655 was obtained ( Figure 4C) .
Overall, the tdDCC experiments delivered results comparable to SPR. Given the narrow range of KD-values in the compound series, this clearly highlights the sensitivity of tdDCC. Furthermore, the tdDCC approach offers great economy of time: while SPR often requires independent synthesis and purification prior to affinity measurement, tdDCC combines the two steps into a single assay, thus clearly accelerating the process of hit identification. An additional benefit is that the described tdDCC protocol requires only standard laboratory equipment, while SPR requires an elaborate and costly instrument.
Bioisosteric replacement
Besides their use in tdDCC, 21, 24, [27] [28] [29] [30] [31] several acylhydrazones have been reported to exhibit therapeutic properties 32 in areas such as cancer, 33-34 viral [35] [36] and bacterial [37] [38] infection, and pain and inflammation. 39 Furthermore, hydrazone linkages have been exploited for pH-responsive drug delivery. 40 However, both the cytotoxic activity inherently linked to anti-cancer drugs and the instability of the hydrazone moiety which affords its pH-responsiveness give rise to general concerns towards inclusion of the acylhydrazone group in potential FimH antagonists. Jumde et al. recently reported on bioisosteric replacement of the acylhydrazone moiety. 41 Therefore, in an effort to improve on stability and reduce toxicity, we generated a small library of bioisosteric analogues.
To explore possible bioisosteres of acylhydrazone, six alternatives to 3f were synthesized ( 5-10; Table 2 ). Conveniently, reduction of 3f with NaBH3CN yielded hydrazide 5. Ureas 6 and 7 were synthesized from the corresponding anilines and amines, which were coupled via intermediates formed from 4-nitrophenyl chloroformate. Thioureas 8 and 9 were generated from the same aniline and amine starting materials through activation with 1,1'-thiocarbonyldiimidazole. Lastly, amide 10 was obtained by first assembling the aglycone from acid and amine precursors using standard peptide coupling, followed by mannosylation.
The affinities of compounds 5-10 were evaluated in a competitive fluorescence polarization assay (FPA), 14,17 using a non-biotinylated version of the FimH full-length protein (FimHFL). 23 In type 1 pili of UPECs, the FimH subunit is stabilized by the N-terminal donor strand of the adjacent FimG subunit. Because isolated FimH turned out to be unstable, FimHFL-B and FimHFL required stabilization by a peptide consisting of the 15 terminal amino acids of FimG which mimics the donor strand. In the case of FimHFL-B, biotin was linked to the pentadecapeptide, which does not alter FimHFL-B's binding properties as compared to FimHFL. Hence, affinities determined with either of the constructs should be comparable. In the competitive FPA, the compounds under investigation displace a fluorescently labeled FimH antagonist (see 11 in the Supporting Information) 14 whose fluorescence polarization depends on target binding. By running a ligand dilution series, the dissociation constants could be determined and are summarized in Table 2 . For 3f, a KD value of 515 nM was obtained, which is in excellent agreement with the affinity measured by SPR (550 nM; Table 1 ). All bioisosteres except for amide 10 exhibited a diminished affinity for FimHFL. Noteworthy, only when the benzoyl moiety of the acylhydrazone was preserved as in hydrazide 5 and amide 10, a strong loss of affinity could be avoided. In summary, as evidenced by antagonist 10, and as described by Jumde et al. 41 replacement by an amide provides a good starting point for further optimization of acylhydrazones. 
Conclusions
In tdDCC experiments, the resulting composition is generally only qualitatively ranked in a "hit/no-hit"-manner. One goal of this communication was to explore whether a tdDCC ranking correlated to an affinity ranking that had been determined using surface plasmon resonance (SPR) experiments. We therefore established a 21-membered acylhydrazone library using aldehyde scaffold 1 and the commercially available hydrazide fragments 2a-u ( 3a-u). TdDCC acylhydrazone libraries were generated both in the absence and presence of biotinylated target protein FimHFL-B, and then analyzed using UV-HPLC. By calculating the normalized changes of relative peak area (RPA) between template and blank libraries, the influence of FimHFL-B could be assessed. Surprisingly, the library composition observed post-equilibration was influenced by the acylhydrazones/FimHFL-B ratio (6:1, 4:1, and 2:1), where differences between components became more enhanced with greater relative amounts of FimHFL-B (i.e. up-or down-regulation was more pronounced). When the tdDCC results were qualitatively ranked in a "hit/no-hit"-manner, the majority of amplified acylhydrazones indeed also exhibited high affinities in SPR experiments, whereas lower KDs correlated with down-regulated compounds. Next, when the normalized changes of RPA were plotted against KD values, a linear correlation was observed. The best alignment was obtained from the libraries with a 2:1 ratio of acylhydrazone to protein target, but the correlation was diminished when libraries with the 4:1 and 6:1 ratios were evaluated. These results suggest that a stoichiometric ratio between library constituents and target protein would be ideal for the generation of libraries in which all members exhibit affinity. However, different ratios are conceivable for libraries, which cover a wider range of affinities. In a situation where only a few good binders are present, their formation would more efficiently outcompete the others. In subsequent efforts, replacement of the potentially hazardous acylhydrazone moiety with various bioisosteres was investigated. Whereas urea ( 6 and 7) and thiourea ( 8 and 9) analogues of parent compound 3f exhibited decreased affinities, hydrazide derivative 5 retained affinity and amide analogue 10 mildly enhanced the affinity, indicating that the latter two bioisosteres could represent a good starting point for further optimization of acylhydrazone hits from tdDCC.
In summary, applying tdDCC to FimHFL-B using acylhydrazone libraries of structurally related mannosides successfully confirmed the high sensitivity of this approach. Most importantly, a linear association between the normalized change of RPA and the KD values determined by SPR could be observed.
Experimental Section
General. Affinity values were determined using a Biacore T200 system (GE Healthcare). UV-HPLC measurements were made using an Agilent 1100/1200 system (Agilent). FPA was measured on a Synergy H1 hybrid multimode microplate reader (BioTek Instruments Inc., Winooski, VT, USA). FPA, 14, 17 protein production, 21 SPR measurements, 21 and tdDCC experiments 21 
Synthesis
General. NMR spectra were recorded on a Bruker Avance DMX-500 (500.1 MHz) spectrometer. Assignment of 1 H NMR and 13 C NMR spectra was achieved using 2D methods (COSY, HSQC). Chemical shifts are expressed in ppm using residual CHCl3, MeOH, or DMSO as references. Optical rotations were measured with a PerkinElmer Polarimeter 341 and infrared spectra were measured on a PerkinElmer Spectrum One FT-IR Spectrometer. Electrospray ionization mass spectrometry (ESI-MS) data were obtained on a Waters Micromass ZQ instrument. High resolution (HR)MS analysis were carried out using an Agilent 1100 LC equipped with a photodiode array detector and a Micromass QTOF I equipped with a 4 GHz digital-time converter. Reactions were monitored by thin layer chromatography (TLC) using glass plates coated with silica gel 60 F254 (Merck) and visualized by UV light and/or by charring with a molybdate solution (0.02 M solution of ammonium cerium sulfate dihydrate and ammonium molybdate tetrahydrate in aqueous 10% H2SO4). Medium pressure liquid chromatography (MPLC) separations were carried out on a CombiFlash Rf (Teledyne ISCO, Inc.) with RediSep disposable normal-phase or RP-18 (LiChroprepRP18, Merck) reversed-phase flash columns. Commercially available reagents were purchased from Fluka, Aldrich, Alfa Aesar, Fluorochem, and Apollo. Solvents were purchased from Sigma-Aldrich, Acros Organics, or VWR.
Synthesis of the acylhydrazone library
General procedure A for acylhydrazone formation. A flask was charged with a magnetic stirrer, then aldehyde 1 21 and hydrazide 2a,c-e,g-h,j-t were dissolved in H2O/MeCN (2 mL, 7:3). AcOH (100 µL) was added and the mixture was stirred at r.t. for 5-22 h until only product was detected by MS. Then, the mixture was neutralized with 1 M aq. NaOH and the solvents were removed under reduced pressure. The residue was purified by MPLC Page 153 © ARKAT USA, Inc on RP-18 (H2O/MeCN, 5:95 to 20:80) to give the desired products 3a,c-e,g-h,j-t. For synthesis of 3b, 3f, 3i and 3u, please see reference 21 . Note: Compounds 3a, 3d, and 3l were obtained as inseparable mixtures of E-and Z-isomers, with the E-isomer most likely representing the bigger fraction due to its sterically more favorable conformation. For further evaluation, we conducted a high temperature NMR measurement (CD3OD, 60 °C) with compound 3l, which clearly showed a decreased resolution, suggesting faster conversion of the two isomers. Further, HPLC traces at concentrations similar to the DCC experiments showed only one peak. When the reaction was catalyzed by aniline instead of AcOH, the same E/Z-ratio was obtained. Thus, the ratio of isomers is expected to be similar in tdDCC and SPR experiments. 6-Chloro-N'-[3-fluoro-4-(α-D-mannopyranosyloxy) 13 17 (s, 1H, HC=N) 26 (s, 1H, HC=N) ; 13 C NMR (125 MHz, CD3OD):  62.6 (C-6), 68.2 (C-4), 71.7 (C-2), 72.3 (C-3), 76.0 (C-5), 101.1 (C-1), 115.5 (d, JC,F 20 Hz), 119.4, 126.2, 130.0 (2C), 130.5 (2C (over two steps); e) NaOMe, MeOH, r.t., 45 min, 70%. (14) . In a two-necked flask, activated MS 4Å (ca. 500 mg), peracetylated D-mannose (12, 500 mg, 1.28 mmol, 1.2 eq.), 3-fluoro-4-nitrophenol (13, 168 mg, 1.07 mmol, 1.0 eq.), and dry CH2Cl2 (10 mL) were mixed and cooled down in an ice bath. Under argon atmosphere, BF3•Et2O (395 µL, 3.20 mmol, 3.0 eq.) was added dropwise and the reaction heated to 50 °C. The mixture was refluxed for 21 h. Then it was cooled down to r.t., diluted with EtOAc, and filtered over celite. The filtrate was subsequently washed with satd. aq. NaHCO3 and brine. The organic layer was dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by MPLC on silica (petroleum ether/EtOAc, 1:0 to 4:6) to give 14 (241 mg, 39%). -(2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyloxy)-3'-fluorophenyl) carbamate (16) -3-[4'-(2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyloxy)-3' -fluorophenyl]thiourea (24 (25) . 1,1'-Thiocarbonyldiimidazole (18.9 mg, 0.106 mmol) was dissolved in dry CH2Cl2 (2 mL) and 21 (9.7 µL, 0.106 mmol) was added. The mixture was stirred at r.t. for 18 h until TLC (toluene/EtOAc, 1:1) showed no remaining aniline. Then, 20 (50 mg, 0.106 mmol) in dry CH2Cl2 (2 mL) was added and the mixture stirred for another 6 h. Then, it was diluted with CH2Cl2 and subsequently washed with 1 M aq. HCl, satd. aq. NaHCO3, and brine. The organic layer was dried over Na2SO4, filtered, and the solvent removed. The residue was purified by MPLC (toluene/EtOAc, 1:0 to 1:1) to give 25 (4.8 mg, 7 %). 3-Fluoro-4-hydroxy-N-(2-oxo-2-phenylethyl)benzamide (28) . 3-Fluoro-4-hydroxybenzoic acid (26, 50.0 mg, 0.641 mmol, 1 eq.), HBTU (243 mg, 1.28 mmol, 2 eq.), HOBt hydrate (12% water; 98.4 mg, 0.205 mmol, 2 eq.), and 2-aminoacetophenone hydrochloride (27, 35.2 mg, 1.28 mmol, 2 eq.) were dissolved in anhydrous DMF (1.5 mL). Then, DIPEA (110 µL, 2.56 mmol, 4 eq.) was added and the mixture was stirred at r.t. for 2.5 h. Then, it was diluted with EtOAc and subsequently washed with 1 M aq. HCl and brine. The organic layer was dried over Na2SO4, filtered and the solvents were removed in vacuo. The residue was purified by MPLC (toluene/EtOAc, 1:0 to 1:1) to give 28 (31.8 mg, 18%). 1 (29) . A twonecked flask was charged with activated MS 4Å (50 mg), peracetylated D-mannose (12, 54.5 mg, 0.140 mmol, 1.2 eq.) and dry CH2Cl2 (2 mL). Under argon atmosphere, 28 (31.8 mg, 0.116 mmol, 1 eq.) in dry MeCN (2 mL) was added. The mixture was refluxed at 50 °C for 24 h, and another 24 h at 75°C. When TLC (petroleum ether/EtOAc, 1:1) showed no remaining mannose precursor, the mixture was diluted with EtOAc, filtered over celite, and washed with satd. aq. NaHCO3 and brine. The organic layer was dried over Na2SO4, filtered and concentrated. The residue was purified by MPLC (petroleum ether/EtOAc, 1:0 to 1:1) to yield 29 (8.3 mg, 12%). Unreacted 28 (15.5 mg, 49%) could be recovered. 
2-Fluoro-4-nitrophenyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside
. In a twonecked flask, 4-nitrophenyl chloroformate (20.7 mg, 0.103 mmol, 1 eq.) was dissolved in dry CH2Cl2 (2 mL
